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Abstract 
Alkanolamine is widely applied in industry usually for gas treatment process to remove acid gases prior to utilization. Though the 
absorbent is recycled through the system, some carry over into water stream is unavoidable. Due to high solubility and toxicity of 
the absorbent, simple removal process or conventional wastewater treatments are inefficient to treat the contaminated water. The 
photocatalytic degradation of organic compounds were reported to be efficient for treatment or persistent pollutant. In this paper, 
the synthesized TiO2 was modified with Cu, Fe or Cu-Fe via wet impregnation method. Characterization of the prepared 
photocatalysts were conducted using BET analyzer, X-ray diffractometer, transmission electron microscope, diffuse reflectance 
UV–Vis spectrophotometer, and point of zero charge determination. The band gap of the photocatalysts was reduced to as low as 
2.55 eV (1.8Cu-0.2Fe/TiO2) compared to bare TiO2 with a band gap of 3.11 eV. The performance of the photocatalysts for 
photodegradation of diisopropanolamine (DIPA) was studied using a batch glass reactor under simulated sunlight. The bimetallic 
photocatalyst 1.8Cu-0.2Fe/TiO2 displayed the highest chemical oxygen demand (COD) and DIPA removals of 67% and 92%, 
respectively. Based on the photocatalytic degradation data, all the photocatalysts were found to follow pseudofirst order kinetic 
with 1.8Cu-0.2Fe/TiO2 giving the highest apparent rate constant , kapp = 16.5u10-3 min-1.    
 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Alkanolamine gas treating unit involves high-pressure absorption of acid gases into lean alkanolamine to 
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selectively remove the undesired impurities. Typical pressure range inside the absorption tower is between 5 to 
250 atm of absolute pressure. Scheduled inspection by safety personnel is the requirement by the Department of 
Safety and Health (DOSH) for units operating at high pressure. During the turnaround activity, rich amine is 
withdrawn from the column and high-pressure water jet is used to clean the internal wall. The wastewater generated 
from the washing activity contains high concentration of alkanolamine with chemical oxygen demand (COD) value 
ranging from 1000 to 17000 mg/L [1], and the concentration could escalate to higher values. Such concentration 
inhibits the microbial activity [2] thus making biodegradation of the compounds not feasible. Alkanolamines such as 
monoethanolamine (MEA), diethanolamine (DEA), methyldiethanolamine (MDEA) and diisopropanolamine 
(DIPA) are commonly used for acidic gases removal. Current practice for natural gas (NG) treatment plant utilizing 
DIPA involves storing the DIPA contaminated wastewater prior to disposal by licensed third party contractor. 
Unfortunately, huge volume of wastewater generated imposed high cost for each disposal activity which could go to 
millions of Ringgit Malaysia. Therefore, there is an urgent need for an effective process to overcome current 
problem faced by the NG plant and related industries.  
High solubility of the DIPA in water (~87 g/mL) makes it difficult to be treated by physical process such as 
adsorption. Destruction of the organic compound using heterogeneous photocatalytic process employing titanium 
dioxide (TiO2) is more attractive since this method has been proven effective for degradation and mineralization of 
various resistant organic pollutants such as dye, [3,4] phenols [5,6], and amines [7,8]. However, major drawback of 
employing TiO2 is its restricted light spectrum for photocatalytic activity. Pure TiO2 is only active in the UV region 
which represents only 3-5% of the solar spectrum, making the process not economically viable. Thus, efforts are 
made to shift the absorption edge of the semiconductor to visible region i.e between 400 - 800 nm which includes 
modification of TiO2 with transition metals.  Among the dopants, iron, Fe [9,10] and copper, Cu [11,12] have been 
extensively employed due to their low cost and high abundance. The enhanced photocatalytic performance of Fe- 
and/or Cu- modified TiO2 photocatalysts have been reported for several applications. Decolorization and 
mineralization of dye utilizing TiO2 photocatalyst doped with Fe displayed superior photocatalytic efficiency 
compared to bare TiO2 [13,14]. Similar observation was exhibited by Cu/TiO2 [15]. Photodegradation of 
alkanolamines under UV illumination for diethanolamine (DEA) [16] and 2-dimethylamino-2-methyl-1-propanol 
(DMAMP) [8] have been reported using TiO2 photocatalyst but limited study is available on photodegradation of 
DIPA. 
In the present paper, we focus on the modification of TiO2 with Fe, Cu or Cu-Fe via wet impregnation method 
for the photodegradation of DIPA solution under visible light. The resulting TiO2 photocatalysts were characterized 
using diffuse reflectance UV–Vis spectroscopy (DRUV-Vis), X-ray diffraction (XRD), field emission scanning 
electron microscopy (FESEM), high resolution transmission electron microscopy (HRTEM), BET total surface area 
analysis, X-ray photoelectron spectroscopy (XPS) and point of zero charge (PZC) measurement. The 
photodegradation efficiency for DIPA solution under visible light radiation was monitored based on total COD and 
DIPA removal.  
2. Experimental 
2.1. Reagents 
Titanium isopropoxide, TTIP (~98%, Ti(OC3H7)4), diisopropanolamine (~99%, C6H15NO2), sodium hydroxide 
(~99 %, NaOH), iron(III) chloride (~99 %, FeCl3) and copper chloride dihydrate (~99%, CuCl2.2H2O) were 
purchased from Merck (Germany). Sulfuric acid, (~97%, H2SO4) was purchased from Systerm (Malaysia). Absolute 
ethanol (~98%, C2H5OH) was obtained from HmBg Chemicals Inc. (Germany).  Triton X-100 (~99.9%, C34H62O11) 
and heptane (~99%, C7H16) were supplied by Fisher Scientific (USA). Hexanol (~ 98%, C6H13OH) was obtained 
from Acros Organics (USA). All chemicals were used without further treatment.  
2.2. Preparation of Photocatalysts 
TiO2 nanoparticles were synthesized using TTIP as the starting material and Triton X-100 was used as a 
templating agent to control the particle size distribution during synthesis [17]. The produced white powdered 
material was calcined at 350°C for 1 h in order to remove residual organics and also to produce anatase TiO2. In 
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order to shift the active region of TiO2 to visible light, metal incorporation was carried out. Predetermined amounts 
of Fe or/and Cu were dissolved in distilled water followed by slow addition of the required amount of the 
synthesized TiO2. The metal loadings applied were of the optimum values selected based on preliminary 
optimization work on Fe/TiO2 (0.2 wt%) and Cu/TiO2 (1.8 wt%) monometallic systems. The suspension was stirred 
prior to evaporation of the solvent at 80°C in a water bath followed by overnight drying in an oven at 100°C. The 
dried powder was later ground and calcined at 450°C for 1 h duration. The photocatalysts prepared were 0.2Fe/TiO2, 
1.8Fe/TiO2 and 1.8Cu-0.2Fe/TiO2 as well as pristine TiO2 for comparison. 
2.3. Photocatalysts Characterization 
The BET total surface area of the photocatalysts was determined using a Micromeritics Tristar II 3020. The X-
ray diffraction patterns were recorded using XRD (Bruker D8 Advance) with CuKα radiation at 40 kV and 40 mA, 
angles of 10° to 80° and with a scanning rate of 4°/min. Detailed analysis on the structure was conducted using high 
resolution transmission electron microscopy (HRTEM). The light absorption of the photocatalysts were recorded as 
DRUV-Vis spectra using the diffuse reflectance spectrophotometer (Shimadzu Spectrometer 3150) where BaSO4 
was employed as the reference material with analysis ranging from 190 to 800 nm. 
2.4. Photocatalysts Characterization 
Photodegradation study of aqueous DIPA solution was conducted in a glass reactor and positioned at 15 cm 
below a 500 W halogen lamp as the simulated visible light source giving a 1190 W/m2 of illumination. The aqueous 
DIPA solution of 1000 ppm (approx. 1950 mg/L COD), was preadjusted to pH 8, was mixed with the prepared 
photocatalysts (2.000 g/L) and stirred in the dark for 2 h for equilibration (dark process).  Then, photodegradation 
under irradiation (photoreaction) was conducted for another 4 h. The system's efficiency was determined using Eq. 
(1):  
 
ሺΨሻ ൌ  େ୓ୈ౟ିେ୓ୈ౜େ୓ୈ౟ ͳͲͲ       (1) 
 
where CODi is the initial COD value (1950 mg/L) and CODf is the final COD value at the end of the 
photodegradation study. The COD measurement during sampling was conducted following the standard procedure 
from HACH (Method 8000). Concentration of DIPA at time, t, was determined using Agilent 1100 High Precision 
Liquid Chromatography (HPLC) at 215 nm wavelength [18]. The column used for the analysis was YMC Pack 
Polymer C18 (250.0 × 6.0 mm I.D.). The mobile phase was a combination of 100 mM NaH2PO4 and 100 mM 
NaOH (60/40 v/v) with a flow rate of 1.0 mL/min. The temperature of the column was fixed at 30°C.  
3. Results and Discussion 
3.1. Photocatalysts Characterization 
Table 1 summarizes BET total surface area (SBET), pore volume and average pore-size distribution for each 
photocatalys. The lowest SBET (76.1 m
2/g) was obtained from bare TiO2 calcined at 450°C. Upon doping with Cu, Fe 
or Cu-Fe, the photocatalysts displayed higher total surface area as compared to bare TiO2 with Fe playing a more 
dominant role in increasing the SBET (96.7 m
2/g) compared to Cu (79.8 m2/g). It is believed that the presence of 
metal dopant led to an increase in the SBET of the photocatalyst [4]. The incorporation of Cu-Fe onto TiO2 gave 
higher SBET of 81.3 m
2/g compared to Cu/TiO2. The higher surface area means more reactive sites for both 
adsorption and also photoreaction. 
All XRD patterns in Figure 1 display typical characteristic peaks for anatase TiO2 (JCPDS file no. 21-1272). 
There is no indication of characteristic peaks relating to the presence of Cu or Fespecies. This may be due to the 
high dispersion of metal species on TiO2 surface [19].The dominant peak at 25.3° was used to estimate the 
crystallite size of the photocatalyst using Debye Scherrer's equation. The largest crystallite size was displayed by 
bare TiO2 (15.4 nm) while the smallest crystallite size by 0.2Fe/TiO2 (10.3 nm). On the other hand, both Cu/TiO2 
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and Cu-Fe/TiO2 photocatalysts containing 1.8 wt% Cu displayed larger crystallite sizes (14.2 nm and 12.6 nm, 
respectively) compared to 0.2Fe/TiO2. The increase in crystallite size may be ascribed to the increase in total metal 
loading. Meanwhile, the presence of Fe in Cu-Fe/TiO2 may have prevented the agglomeration of the crystallites 
[20]. 
 
Table 1. Properties of the prepared photocatalysts 
Sample Properties 
 
BET surface area 
(SBET, m2/g) 
Total pore volume 
(Vtot, cm3/g) 
Average pore 
diameter (dp, nm) 
TiO2 76.1 0.22 10.2 
0.2Fe/TiO2 96.7 0.23 8.0 
1.8Cu/TiO2 79.8 0.22 9.8 
1.8Cu-0.2Fe/TiO2 81.3 0.21 8.3 
 
 
Figure 1. The XRD patterns of the prepared photocatalysts 
The morphology and particle size of the nanoparticles are further studied by HRTEM analysis as shown in 
Figure 2. Bare TiO2 shows the largest particle size with diameter of 14-18 nm, while metal doped photocatalysts 
show smaller particles. The smallest particles are observed from the bimetallic photocatalyst which further 
confirmed the conclusion drawn from XRD analysis. From the figures, the crystal lattice of anatase phase of TiO2 
(d=0.354 nm) is clearly observed.  
The DRUV-Vis spectra of the photocatalysts are depicted in Figure 3(a). The DR spectra of bare TiO2 consists of 
a single absorption peak below 390 nm, which is attributed to the charge transfer from valence band  (O2– of 2p 
orbits) to the conduction band (Ti4+ of 3d orbits) [21]. Upon doping with 0.2 wt% Fe, blue shift of the absorbance 
edge can be observed which is in agreement with the colour change of the photocatalyst powder from white to 
yellowish due to the presence of Fe. Meanwhile, the incorporation of Cu and Cu-Fe onto TiO2 photocatalyst further 
improved the light absorption where the absorbance edge is significantly shifted to the red region of light spectrum. 
The broad band between 400 to 800 nm of the spectrum can be attributed to the presence of Cu+ clusters in partially 
reduced CuO [11]. The increase in absorption for bimetallic photocatalyst can be associated with the synergistic 
effect between Cu2+ and Fe3+ doped onto the TiO2 [11].  
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Figure 2. The HRTEM micrographs of the prepared photocatalysts 
 
Figure 3. The HRTEM micrographs of the prepared photocatalysts 
This observation indicates that the incorporation of bimetallic Cu-Fe onto TiO2 reduced the band gap enabling 
easier separation of the electron-hole pairs and exhibiting red shift [23]. Further, the band gap energies of the 
photocatalysts were determined from the reflectance [F(R)] spectra using the Kubelka-Munk formalism and Tauc 
Plot [24]. Employing the Tauc plot of ሾܨሺܴሻǤ ݄ݒሿ௡  against ݄ݒ for direct band gap of semiconductors should give 
linear region just above the absorption edge of ݊ ൌ ½  [25]. The relationship at the linear region plot can be 
described as Eq. (2): 
ሾܨሺܴሻǤ ݄ݒሿଵȀଶ ൌ ܭሺ݄ݒ െ ܧ௚ሻ        (2) 
where ݄ݒ = photon energy, ܧ௚ = band gap energy, and K = a constant characteristic of the semiconductor material. 
The band gap energy of each photocatalyst was extrapolated to the intersect the photon energy axis in Figure 3(b), 
and the ܧ௚  for TiO2, 0.2Fe/TiO2, 1.8Cu/TiO2 and 1.8Cu-0.2Fe/TiO2 photocatalysts were 3.11, 2.92, 2.78 and 
2.55 eV. 
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3.2 Photodegradation of aqueous DIPA solution 
The photoactivities of the photocatalysts were investigated using aqueous solution of DIPA adjusted to pH 8 as 
the reaction medium by monitoring the total DIPA and COD removals. The adsorption (dark process) and 
photodegradation profile for DIPA using different photocatalysts are shown in Figure 4. During the dark process, the 
amounts of DIPA adsorbed onto the surface of TiO2, 0.2Fe/TiO2, 1.8Cu/TiO2 and 1.8Cu-0.2Fe/TiO2 were 8.1, 9.9, 
17.1 and 20.1% of the original DIPA concentration, respectively. The concentration of DIPA after the adsorption 
process in the dark were 919, 901, 840 and 795 ppm for TiO2, 0.2Fe/TiO2, 1.8Cu/TiO2 and 1.8Cu-0.2Fe/TiO2, 
identified as the equilibrium concentration of DIPA, [DIPA]e. The adsorption process reached equilibrium after 30 
min for 0.2Fe/TiO2 but for 1.8Cu/TiO2 and 1.8Cu-0.2Fe/TiO2, 40 min was required.  When the light source was 
switched on, the concentration of DIPA decreased more drastically indicating photodegradation process. Bare TiO2 
displayed the lowest photodegradation rate of 23% after 1 h reaction followed by 0.2Fe/TiO2 where 60% DIPA was 
removed after 3 h of irradiation. In contrast, 1.8Cu/TiO2 was able to degrade 86% DIPA within similar time frame. 
The highest rate was observed for 1.8Cu-0.2Fe/TiO2 where only 2 h of irradiation was required to achieve 86% 
DIPA removal and 3 h for 92%. 
In Figure 5, the observed DIPA and COD removal patterns are directly proportional. The lowest performance 
was observed for the system using bare TiO2 as the photocatalyst. The incorporation of Fe did not show any 
significant enhancement compared to the photocatalytic performance of bare TiO2 since a mere 21% COD removal 
was observed. On the other hand, 1.8Cu/TiO2 photocatalyst displayed a 3-fold increase of COD removal (63%), 
while 1.8Cu-0.2Fe/TiO2 displayed the best performance (67% for COD removal and 92% for DIPA removal). The 
difference in photocatalytic activity of the photocatalyst could be related to their respective PZC values. The PZC 
for bare TiO2 and 0.2Fe/TiO2 photocatalysts were at pH 9.9 and 10.6, respectively. 
 
Figure 4. Adsorption and photodegradation profile of DIPA using 
different photocatalysts 
 
Figure 5. COD and DIPA removal for different photocatalysts at 
pH 8
In the solution, the surface of the bare TiO2 and 0.2Fe/TiO2 was positively charged while DIPA having pKa 
value of 8.84 [26] was also protonated. Due to similar electrical charges between the photocatalysts surface and 
DIPA, there was electrostatic repulsion which discouraged the adsorption of DIPA onto the surface of bare TiO2 or 
0.2Fe/TiO2. This phenomenon explained the poor photocatalytic activity of the mentioned photocatalysts. On the 
other hand, 1.8Cu/TiO2 photocatalyst was characterized with PZC at pH 5.7. Unlike 0.2Fe/TiO2, the surface of 
1.8Cu/TiO2 was negatively charged in the solution while DIPA was still protonated. Thus, the electrostatic attraction 
between the photocatalyst surface and DIPA led to its high adsorption which enhances the photocatalytic activity. 
Consequently, the efficiency of the system for COD removal increased. Similar behaviour was also observed for the 
bimetallic 1.8Cu-0.2Fe/TiO2 (PZC at pH 7.2). Another reason for this observation can be closely related to the 
photocatalysts properties. The SBET of codoped photocatalysts was higher compared to single Cu dopant, thus giving 
higher available sites for adsorption and degradation reaction to take place. Meanwhile, even though 0.2Fe/TiO2 
photocatalyst has the highest surface area, the electrostatic repulsion between DIPA and the photocatalyst surface 
has markedly decreased the system's efficiency.    
It was observed that bimetallic 1.8Cu-0.2Fe/TiO2 photocatalyst displayed the highest COD removal. During the 
photocatalytic process, the absorbed photon energy excites the electron in the valence band and transferred it to the 
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conduction band, leaving a hole in the valence band. The Cu2+ acts as electron trapper to form Cu+ or Cu0. 
Reduction potential of Cu+/Cu0 is 0.52 V, higher than the reduction potential of TiO2 conduction band edge (-0.2 V) 
[7]. So the formed Cu+ could also acts as the electron scavenger leading to the increasing amount of free holes 
available for oxidation process. Similar phenomenon happens for the presence of 0.2 wt% Fe as dopant. Therefore, 
having both 1.8 wt% Cu and 0.2 wt% Fe enhanced the photoactivity of TiO2 nanoparticles. Similar observations 
were recorded by Shi et al. [27] where the Fe and La codoped TiO2 showed the best performance in 
photodegradation of phenol both under UV and visible light radiation compared to single dopant or bare TiO2. 
Unfortunately, the increase of COD removal was only 4% which is insignificant. Existed as single dopant, 0.2 wt% 
Fe and 1.8 wt% Cu was observed to be the optimum loading in the preliminary optimization studies by the authors. 
However, in the bimetallic photocatalyst, the optimum total metal loading was not a simple addition of Fe and Cu 
single loading (2.0 wt%).  
The photodegradation data were fitted into first-order kinetics using the following equation: 
ݎ ൌ െ ௗሾ஽ூ௉஺ሿௗ௧ ൌ ݇௔௣௣ሾܦܫܲܣሿ
௡        (3) 
where, n is the order of reaction and kapp is the apparent rate constant. Figure 6 shows the pseudo-first order kinetics 
plot. The data fitted well with high values of the determination coefficients (R2) between 0.980.99, indicating that 
first order kinetics best represent the degradation of DIPA in aqueous solution. From the plot, the values of the 
apparent rate constant (kapp) were calculated to be in the range of 2.6u10−3 to 16.5u10−3 min−1, with highest value of 
kapp displayed by 1.8Cu-0.2Fe/TiO2 photocatalyst. The disappearance rate constants of methylamine and 
dimethylamine using TiO2 under UV radiation were reported to be 32u10−3 min−1 and 11u10−3 min−1, respectively, 
with the initial amine concentration of up to 0.5 mmol [28]. The value of kapp for secondary amine in the study was 
comparable to the degradation rate constant displayed by monometallic Cu/TiO2 photocatalytic system (10.7u10−3 
min−1) for DIPA.  DIPA is more resistant to photodegradation compared to primary and secondary amines. 
 
Figure 6. First order kinetic plot of DIPA photodegradation using different photocatalysts 
Conclusions 
The incorporation of both 1.8 wt% Cu and 0.2 wt% Fe onto TiO2 nanoparticles was found to enhance the 
synergistic effect of the two metal dopants. The presence of Fe on Cu/TiO2 was able to reduce the band gap of the 
bimetallic photocatalyst to 2.55 eV compared to the band gap of bare TiO2 (3.11 eV). In addition, the extent of 
particles agglomeration in the bimetallic photocatalyst was also reduced. The XRD patterns did not reveal any 
diffraction peak relating to Cu- or Fe-species suggesting high dispersion of the materials on TiO2 and also due to 
very low amount of the metal dopant which could only be confirmed with further analysis using EDX analysis. The 
bimetallic 1.8Cu-0.2Fe/TiO2 photocatalyst displayed the highest performance in DIPA photodegradation giving 
67% of COD removal and 92% of DIPA removal at pH 8. The highest apparent rate constant, kapp determined from 
the pseudo-first order kinetic was observed for the bimetallic photocatalyst (16.5u10−3 min−1). The optimization 
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study of Cu:Fe weight ratio should be continued to improve the performance of the system. Later, the findings could 
be used to design photocatalytic degradation system for treatment of DIPA contaminated wastewater.  
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